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ABSTRACT 


An  optimization  of  the  reradiated  field  from  a  linear  Van  Atta  reflector 
consisting  of  four  equispaced  parallel  half-wave  dipoles  is  made. 

Before  the  optimization  process  is  discussed,  a  further  and  more  exten¬ 
sive  theoretical  investigation  than  the  one  given  in  Scientific  Report  no.  2 

jC  A  i  -  ! '  e  '!) 

i s  made.  A  general  expression  for  the  reradiated  field  is  established  so 
that  it  is  possible  to  study  the  influence  of  asymmetries  in  the  location  of  the 
dipoles,  unequal  length  of  the  transmission  lines,  and  a  mismatch  between  the 
dipoles  and  the  transmission  lines.  In  particular,  the  dependence  of  the  rera¬ 
diation  pattern  on  the  length  and  the  characteristic  impedance  of  the  transmis¬ 
sion  lines,  the  imaginary  part  of  the  dipole  impedances,  and  the  spacing  between 
the  dipoles,  is  investigated. 

The  reradiation  pattern  is  optimized  so  that  the  back-scattering,  as  a 
function  of  the  angle  of  incidence,  has  its  largest  minimum  value.  The  optimi¬ 
zation  is  performed  both  when  coupling  is  neglected  and  when  it  is  taken  into 
account.  In  the  optimization  consideration  is  given  to  the  shape  of  the  rera¬ 
diation  pattern  near  the  direction  back  in  the  direction  of  propagation  of  an 
incident  wave. 
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1.  INTRODUCTION 

The  Van  Atta  array  is  assumed  to  operate  in  the  following  manner:  an  in¬ 
cident  plane  wave  generates  currents  in  the  antennas  composing  the  array  in 
such  a  way  that  their  fields  are  in  phase  back  in  the  direction  of  incidence, 
for  ell  angles  of  incidence.  If  this  is  the  case,  wc  say  that  the  reflector 
has  a  Van  Atta  effect  and  it  will  always  have  a  maximum  of  reradiation  back  in 
the  direction  of  incidence.  However,  the  theory  applied  to  a  Van  Atta  array 
consisting  of  half-wave  dipoles  (1,  2)  shows  that  this  is  only  true  to  a  limited 
extent.  In  order  to  make  a  further  study  of  this  fact  u  method  is  presented  for 
computing  a  figure  which  may  be  used  as  a  measure  of  the  amount  by  which  the 
fields  are  out  of  phase  in  the  direction  considered.  Since,  in  the  computation, 
due  attention  is  given  to  all  angles  of  incidence,  we  say  that  the  figure  is  a 
measure  of  the  deviation  from  Van  Atta  effect.  Therefore,  the  figure  computed 
will  be  referred  to  as  the  deviation  from  Van  Atta  effect. 

For  convenience  let  us  at  this  point  introduce  some  concepts  which  were 
used  in  the  previous  reports  and  which  also  will  be  used  here  to  describe  the 
behaviour  of  the  reflector.  In  Fig,  1  is  shown  the  four  dipoles.  The  direc¬ 
tion  back  in  the  direction  of  propagation  of  an  incident  plane  wave  is  called 
the  Van  Atta  direction.  Another  direction  of  interest  is  the  mirror  direction 
or  specular  direction  which  would  be  the  direction  of  the  reflected  principal 
ray  if  the  dipoles  were  replaced  by  a  metallic  plate  parallel  to  the  plane 
through  their  axes.  The  direction  of  incidence  is  in  the  plane  normal  to  the 
axes  of  the  dipoles  and  we  will  look  at  the  reradiation  in  this  plane.  The  in¬ 
cident  plane  wave  is  polarized  parallel  to  the  dipoles.  By  the  back-scattering 
(back-reradiation)  we  mean  the  reradiation  in  the  Van  Atta  direction. 

The  following  results  obtained  in  Scientific  Report  no.  2  (2)  are  of  in¬ 
terest  in  this  report: 

1.  Only  to  some  extent  the  reflector  has  a  Van  Atta  effect. 

2.  The  reflector  has  a  mirror  effect  (specular  effect)  to  the  same  degree  as 

it  has  a  Van  Atta  effect.  (When  we  say  that  a  reflector  has  a  mirror  effect, 
we  mean  that  the  fields  from  the  currents  in  the  dipoles  are  in  phase  in  the 
mirror  direction  for  all  angles  of  incidence). 

3.  The  coupling  may  decrease  the  deviation  from  the  Van  Atta  and/or  the  mirror 
effect , 

U.  The  deviation  from  Van  Atta  effect  depends  on  the  length  of  the  transmission 
lines. 
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In  this  report  we  shall  consider  the  dependence  of  the  deviation  from  the 
Von  Atta  effect  not  only  upon  the  length  of  lines  hut  also  upon  spacing  and  mat¬ 
ching  between  dipoles  and  interconnecting  transmission  lines.  The  matching  is 
varied  by  changing  the  characteristic  impedance  of  the  transmission  lines  and 
the  imaginary  part  of  the  antenna  impedance. 

In  the  following  the  length  and  characteristic  impedance  of  the  lines*  the 
spacing,  and  the  imaginary  part  of  the  antenna  impedance  will  be  referred  to  as 
the  parameters  of  the  reflector. 

The  coupling  is  taken  into  account  by  using  the  values  of  the  mutual  impe¬ 
dances  calculated  for  two  half-wave  dipoles  in  free  space.  The  fact  that  the  mu¬ 
tual  impedance  of  any  two  dipoles  depends  on  the  presence  of  the  reraaining  di¬ 
poles  is  neglected.  A  simple  method  which  takes  this  into  account  does  not  seem 
to  exist.  However,  it  is  assumed  that  this  approximation  does  not  cause  signi¬ 
ficant  error. 

The  theoretical  and  numerical  investigation  is  made  for  four  dipoles  only. 
The  four  dipoles  may  be  considered  as  two  pairs  of  antennas  in  an  arbitrary  Van 
Atta  reflector  and,  because  of  this,  it  is  possible  to  derive  similar  results 
for  reflectors  with  more  than  four  elements.  However,  the  computer  time  used 
for  investigating  the  simple  reflector  is  rather  large,  and  will  increase  rapid¬ 
ly  when  more  elements  are  taken  into  account. 
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2.  THE  RERADIATION  PATTERN  AND  THE  VAN  ATTA  EFFECT 


For  the  reflector  described  in  Section  2.1,  the  expression  for  the  rera¬ 
diation  pattern  will  be  derived  in  Section  2.2.  In  Section  2.3  the  condition 
for  Van  Atta  effect  will  be  derived  and  in  Section  2.4  a  measure  of  the  devia¬ 
tion  from  Van  Atta  effect  will  be  established.  In  Section  2.5  we  find  the  cir¬ 
cumstances  in  which  the  back-scattering,  as  a  function  of  the  angle  of  incidence, 
has  its  largest  mi“i~-~  iue,  Finally,  the  specular  reflection  will  be  consi¬ 
dered  in  Section  2.6. 

2.1.  The  reflector 

For  a  linear  Van  Atta  array  consisting  of  four  equispaced  parallel  half¬ 
wave  dipoles  we  shall  derive  an  expression  for  the  reradiated  field  from  which 
it  is  possible  to  examine  the  influence  of  asymmetries  in  location  of  the  di¬ 
poles,  unequal  lengths  of  the  transmission  lines,  and  a  mismatch  between  the 
dipoles  and  the  transmission  lines.  In  order  to  do  this  we  will  consider  four 
dipoles  the  centers  of  which  are  placed  arbitrarily  with  respect  to  each  other 
in  a  plane.  The  dipoles  are  perpendicular  to  this  plane  (see  Fig.  2).  Further¬ 
more,  they  are  connected  in  pairs  by  transmission  lines  whose  lengths  need  not 
be  equal.  It  is  assumed  that  the  dipoles  are  numbered  from  1  to  4  and  that  di¬ 
pole  1  is  connected  to  dipole  4  and  dipole  2  to  dipole  3.  The  degree  of  mis¬ 
match  between  the  dipoles  and  the  transmission  lines  is  altered  by  changing  the 
characteristic  impedances  of  the  transmission  lines  and  the  reactances  of  the 
dipoles.  During  the  investigation  the  characteristic  impedances  of  the  two 
lines  are  kept  equal.  The  half-wave  dipole  reactances  are  changed  by  the  same 
amount  by  means  of  impedance  transforming  networks. 

Most  of  the  equations  given  in  this  chapter  are  valid  for  the  general 
geometrical  configuration  of  dipoles  described  above.  However,  attention  is 
often  given  to  the  ease  for  which  the  centers  of  the  dipoles  in  each  pair  are 
placed  symmetrically  (not  always  on  a  line)  about  a  common  point. 

2.2.  The  reradiated  field 

The  equivalent  circuit  for  dipoles  1  and  4  is  shown  in  Fig.  3.  A  T-cir- 

cuit  with  impedances  Z-,  and  is  used  as  an  equivalent  circuit  for  the  trans- 

bJL  V/l 

mission  line  of  length  connecting  dipoles  1  and  4.  For  the  transmission  line 

of  length  connecting  dipoles  2  and  3,  a  T-circuit  with  impedances  and 

Vd  Cc 
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is  uaed.  V^t  V^t  and  V)(  are  the  free-space  open-circuit  voltages  induced 
by  an  incident  field  in  dipoles  1*  2,  3,  and  ht  respectively.  1^,  I^»  and 

Ijj  are  the  currents  in  the  four  dipoles  composing  the  reflector.  The  mutual 
impedance  between  dipoles  r  and  s  (r,s  »  1*  2,  3»  U)  i9  denoted  by  Z  (r^s). 

Prom  the  two  equivalent  circuits  is  readily  obtained 


<  WW1!  * 


Z12I2  * 


Vs  *  <  W’H  ■  V1  (1) 


Z12X1  +  +  ^2C2+Z23)I3  + 

Z13Z1  *  <  WZ2  *  <  W V:3  * 


Z2A  =  V2  <2> 

Z3A  =  V3  (3) 


(2C1+Zll4^1  + 


*3**3  *  <WZC i’1!.  "  V  <"> 


By  subtracting  Equation  (It)  multiplied  by  e  from  Equation  (1)  is  found 

ifiH.  iBn, 

(aAn+ZBl+(1“e  )ZCl“Zlte  X 


*  (Z12‘Z2Ue  ^2 


iBS-, 

+  (Z13“Z3l*e  X 


-iSfc,  iB£.  iBt, 

*  “'W'd'1-"  »'  '  VV  • 


From  this  equation  is  obtained 

iB£..  iB2,  iBA.  iB^, 

•VVV  >V<W  >V<W  Xu11* 


■VV 


by  using  the  relations 


ZBl+(1-e  )ZC1  "Z0 


"  ZB1  ‘  (l~e  )ZC1  *  Z0 


(0) 


6 


which  may  be  derived  from  the  expressions  for  the  impedances  of  a  T-circuit  e- 
quivalent  to  a  transmission  line  of  length  A^: 


BA, 

ZB1  B  -  izotg  (T“) 


iZ, 


Cl  ~  sin 


TSa^T  * 


(9) 

(10) 


where  Z^  is  the  characteristic  impedance  of  the  transmission  line. 

From  Equations  (l)  -  (k)  we  obtain  in  the  manner  shown  above  the  following 
system  of  equations  determining  the  currents  in  the  dipoles 

iBA  iBA..  iBSt.  iBS., 

(VW  )][l+(Z12-224e  )X3+((-ZAn+Z0)e  +VXU 


iBA, 


s  V1  "  V 


(11) 


i6A0  i0A?  10AO  iBS.p 

<Z12-Z13e  ^V(ZAn+VZ23e  > V ( ( -2An+20 > e  +W(Z2rtue  X 


iBA,. 


V2  -  V3e 


(12) 


iBA  iBA?  iBA  iBA„ 

!13“212e  +Z23)I2+(2An+V223e  >  ‘ 


iCA„ 


=  V  -  V  e 

3  2 


(13) 


iBA1  iBA,  iBA..  iBA 

«~VZ0)e  >V(23V*l3*  >V(ZAn+VZlhe  X 


iBA, 


"  -  V^e 


(lM 


The  transformation  of  Equations  (1)  -  (!»)  to  Equations  (11)  -  (l^)  is 
made  in  order  to  obtain  a  system  of  equations  which  is  valid  for  all  values  of 
A^  and  A0.  This  is  not  the  case  for  Equations  (l)  -  (4)  (see  Equations  (9)  and 


(10)  for  Z£1  and  Zcl). 
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Equations  (11)  -  (14)  reduce  to  Equations  ( 1 )  -  (4)  of  .Scientific  Report 

no.  2,  when  ~  =  i,  the  dipoles  equispaced  on  a  line,  and  Z ,  *  =  ZQ. 

Equations  (11)  -  (14)  may  be  generalized  in  the  following  manner  so  as  to 

be  valid  for  a  Van  Atta  array  consisting  of  n  pairs  of  dipoles.  Let  z  be  the 

X"  9& 

element  in  the  r'th  row  and  the  s'th  column  in  a  square  matrix  (z)  of  order  2n. 
Then  the  matrix  equation  for  n  pairs  of  dipoles  is 

{2>{i>  -  (v)  ,  (15) 


where 


z  =  Z  ~  Zn  ..  »  e 

r,s  r,s  2n-r+l,s 


iRU 


U6) 


except  for  s  *  r  and  a  *  2n-r+l  (diagonal  elements).  In  these  two  cases  we  have 


7,r„r  ZAn  +  Z0  Z2n-r+l,r  e 


(17) 


and 


zr,2n-r+l  ~  '* 


■ZAn+Z0)e 


let 


+  z 


r,2n»r+l 


(18) 


respectively.  Here,  Z,  __  *  Z  is  the  mutual  impedance  between  dipoles  r  and 

sfr^s).  Z  corresponds  to  Z  given  tcove.  { i }  denotes  a  column  matrix  in. 

^  ^  ifiZ 

which  i  *  I  .  (v)  denotes  a  column  matrix  in  which  v  -  V  -  Vn  •  e  . 

r  r  r  r  2n-r+l 

Note  that  dipole  r  is  connected  to  dipole  2n-r+l.  I  and  are  the  current 
and  free-space  open-circuit  voltage,  respectively,  in  dipole  r  (r  =  1,2,  ...,  2n). 
Here,  ve  have  assumed  that  all  transmission  lines  have  the  same  length  (t).  For 
n  -  2,  Equations  (15)  corresponds  to  Equation  (11)  -  (14)  when 

Let  us  now  return  to  the  reflector  consisting  of  four  parallel  half-wave 
dipoles  (see  Fig.  4).  An  xy-coordinate  system  is  introduced  with  its  origin  0 
and  the  direction  of  the  x-axis  conveniently  selected.  The  four  dipoles  are 
placed  with  their  centers  in  the  xy -plane  and  their  axes  normal  to  the  xy-plane. 
The  reradiation  pattern  will  be  determined  in  the  xy-plane  when  a  plane  wave  is 
incident  from  an  arbitrary  direction  in  the  xy-plane. 

The  induced  voltage9  in  the  four  dipoles  are 
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V  iPvl 

V 

(19) 

V  ipv2 

V 

(20) 

ipv3 

V 

(21) 

v  ipvl* 

(22) 

vhere  is  the  induced  open-circuit  voltage  in  a  reference  antenna  placed  at  0. 
Pvl*  Pvo»  PV3»  and  Pyi*  are  the  Phase  differences  between  the  induced  voltages 
in  dipoles  1,  2,  3,  and  1»,  respectively,  and  the  induced  voltage  in  the  reference 
antenna. 

The  currents  1^,  Ig,  and  1^  may  now  be  found  from  Equations  (ll)  -  (lh). 
The  electric  field  intensity  at  a  distance  r  from  0  in  a  direction  making  an 
angle  ij>u  with  respect  to  the  x-axis  is  (3) 


-ir  eikr  ipil  ip 
-ii  a— —  (t  e  1-L+I  e 
2n  r  X2e 


i.2 


+I3e 


ip 


i3^T 


♦v 


(23) 


where  £  is  the  characteristic  impedance  of  free  space  and  k  the  free  space  pro¬ 
pagation  constant,  P^*  P^2»  P*3»  an<*  pih  are  Phase  differences  (in  the  di¬ 
rection  considered)  between  the  dipoles  1,  2,  3,  and  1*,  respectively,  and  the 
origin  due  to  the  differences  in  path  lengths  to  the  field  point. 


2.3.  Condition  for  Van  Atta  effect 

In  this  section  the  condition  for  Van  Atta  effect  will  be  stated.  When 
the  coupling  between  the  dipoles  is  neglected,  the  circumstances  in  which  the 
condition  is  fulfilled  will  be  derived. 

From  Equation  (23)  for  the  electric  field  intensity  it  is  seen  that  the 
reradiation  pattern  will  have  a  maximum  in  the  direction  for  which  the  four 
terns  in  the  factor 


T  ,ipil  +  T  ipi2  +  T  lpi3  +  T  ipi4 
+  I2e  +  l^e  +  Ij,e 


are  in  phase,  that  is  when 


(2k) 


t 


^ il  +  pil  “  ^i2  +  pi2  ~  ^i3  +  pi3  ~  ^iU  +  piU 


(25) 
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where  $il0  <j>£2,  4u.j,  and  ^  are  the  arguments  of  1^,  I2,  1^,  and  1^,  respec¬ 
tively,  Usually  there  will  not  be  any  direction  for  which  the  conditions  ex¬ 
pressed  in  Equations  (25)  are  fulfilled. 

If  we  wish  the  reflector  to  have  a  Van  Atta  effect.  Equations  (25)  must 
be  satisfied  back  in  the  direction  of  incidence,  for  all  angles  of  incidence. 

In  what  follows  we  suppose,  if  other  is  not  stated,  that  the  dipoles  in 
each  pair  of  dipoles  are  placed  symmetrically  about  the  center  0.  Then  we  have 

pil  =  pvl  *  “  ^  ^  (26) 


?i2 


P  -  * 

fv2 


■  i'3 


-  P. 


v3 


(27) 


when  we  consider  the  reradiation  back  in  the  direction  of  arrival  of  an  incident 
wave. 


From  this  it  appears  that,  if 

♦il  =  Pvh  +  u 
*i2  °  pv3  +  U 
*i3  °  Pv2  +  U 
*iU*pvl+u  » 


(28) 

(29) 

(30) 

(31) 


then  Equations  (25)  are  satisfied,  u  is  an  arbitrary  constant.  If  Equations 


h  1P  *3 

(28)  -  (31)  are  satisfied,  then  the  ratios 

vk  v3  V2 


and  tt—  have  the 
1 


same  argument. 

Let  us  state  the  result  obtained  above  in  the  following  manner:  A  suffi¬ 
cient  condition  for  maximum  reradiation  back  in  the  direction  of  arrival  of  an 


.  .  .  l  2  3  1* 

incident  vave  is  that  7T“  *  y~  *  v  »  v~  have  eame  argument.  If  this 

Vl»  V3  2  1 

condition  is  satisfied  for  an  arbitrary  direction  of  incidence,  the  reflector 
has  a  Van  Atta  effect.  (Note  that  if  coupling  and  scattering  were  not  present, 
then  the  reflector  would  heve  a  Van  Atta  effect). 

It  is  not  a  simple  matter  to  Bee  in  which  circumstances  the  condition  for 
Van  Atta  effect  is  satisfied.  However,  a  simple  condition  may  be  derived  if  we 
neglect  the  coupling  and  assume  that  the  transmission  lines  have  the  same  length 
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Then,  if  ve  introduce  »  Zg^  »  Zg2  and  Zc  “  *  Zc2,  Equations  (1)  -  (!») 

reduce  to 


‘  WV'i  *  zch  ■  vi 

<! VW1!  *  hh  m  V2 

<WWh  *  Vt  '  V3 


(32) 

(33) 
0*l) 
(35) 


It  is  seen  that  if 


ZAn+ZB+ZC*°  • 


we  have  the  Van  Atta  effect, 
may  be  written 


(36) 

Using  Equations  (9)  and  (10),  the  Equation  (36) 


V  *  !  (XM  *  Z0°OtM)  -  0  •  (37) 

where  Z^  *  RAn  +  iX^  is  introduced.  Since  >  0,  it  appears  that  Equation 
(37)  cannot  be  satisfied.  R,^  may  be  decreased  (reradiotion  increased)  by  rea¬ 
lisation  of  negative  real  loads  (•*)  j  however,  the  reflector  then  is  active  and, 
in  the  present  work,  the  investigation  of  active  Van  Atta  reflectors  is  not  in¬ 
cluded. 

However,  from  Equations  (32)  -  (35)  and  Equation  (37)  we  may  expect  the 
following : 

1.  For  an  arbitrary  value  of  Zc,  the  reflector  will  have  a  smaller  devia¬ 
tion  from  Van  Atta  effect  if  X,  is  chosen  so  that  X,  +  Zrtcot3t  is  zero,  than 

An  An  0 

if  this  is  not  the  case. 

2.  The  deviation  from  Van  Atta  effect  decreases  if  |Z^j  can  be  increased 
relative  to  jz^  +  Zg  +  Zc).  This  may  be  attained  by  increasing  | 2^ |  and,  at 
the  same  time,  by  choosing  so  that  +  Z^cot^A  *  0. 

The  second  method  for  decreasing  the  deviation  from  Van  Atta  effect  has 
the  drawback  that  the  reradiation  decreases  as  |ZC|  increases  and  vanishes  when 
|ZC|  -*■  «,  This  may  be  easily  derived  from  Equations  (32)  -  (35).  Therefore, 
when  we  try  to  decrease  the  deviation  from  Van  Atta  effect  by  increasing  |Zr|, 
we  have  to  take  into  account  the  restriction  that  the  reradiation  should  not 
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decrease  below  some  level  dependent  upon  the  application  of  the  reflector. 

It  should  be  mentioned  that  when  |x^  +  Z^cotB^,  j  is  decreased  by  changing 
Z0  or  fc,  |Z^|  might  also  decrease  in  such  a  way  that  a  decrease  in  the  deviation 
from  Van  Atta  effect  not  is  obtained. 

It  is  to  be  noted  that  the  condition  (37)  is  obtained  from  the  conditions 
(25)  by  neglecting  coupling.  Therefore,  because  coupling  is  always  present  the 
condition  is  only  approximate.  When  coupling  is  taken  into  account,  an  exact 
condition  simpler  than  the  conditions  (25)  does  not  seem  to  exist. 

It  is  not  expected  that  it  will  be  possible  to  find  a  reflector  so  that 
the  conditions  (25)  are  satisfied  back  in  the  direction  of  arrival  of  an  inci¬ 
dent  wave,  for  all  angles  of  incidence.  However,  it  is  expected  that  it  should 
be  possible  to  choose  the  lengths  of  the  transmission  lines,  the  location  of  the 
dipoles,  the  characteristic  impedance  of  the  transmission  lines,  and  an  impedance 
transforming  network  changing  X^  so  that  the  reflector  has  a  "Van  Atta  effect 
to  some  extent".  In  the  next  section  a  measure  of  the  deviation  from  Van  Atta 
effect  will  be  established. 

2.U.  Evaluation  of  the  deviation  from  Van  Atta  effect 

The  object  of  this  section  is,  for  an  arbitrary  Van  Atta  reflector,  to 
present  a  method  for  computing  a  figure  vhich  may  be  used  as  a  measure  of  the 
deviation  from  Van  Atta  effect.  The  method  is  given  for  a  reflector  consisting 
of  four  antenna  elements,  but  is  easily  extended  to  reflectors  consisting  of  an 
arbitrary  number  of  elements. 

In  order  to  find  a  measure  of  the  deviation  from  Van  Atta  effect,  we  will 
consider  a  wave  incident  from  a  particular  direction.  The  derivation  is  made 
by  using  a  "complex  current  plane"  (see  Pig.  5).  Let  the  points  1,  2,  3,  and  ^ 
on  the  unit  circle  be  the  points  with  arguments  +  p^,  +  p^s  $,-3  + 

and  <{0^  +  ,  respectively. 

The  magnitude  of  the  currents  is  taken  into  account  by  placing  |l^|,  | I » 
|l„|,  and  |ljJ  as  "weights"  at  the  points  1,  2,  3,  and  h,  respectively.  The  co¬ 
ordinates  of  the  "center  of  inertia",  C  and  C.,  are 

r  l 
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As  a  measure  of  how  much  the  fields  from  the  currents  are  out  of  phase  in  the 
direction  considered  the  "normalised  momentum  with  respect  to  the  center  of  i- 
nertia"  d..  may  be  used.  d,.  is  given  by  the  formula: 

91 

dfi  =  ( 1 1^ |  / (Cy-cos  T^Pii))^rCi-sin(^i+pilV)2' 

+  |  i2 1  */Tc^cosT^T^pT^T  )2+(Ci-sin(<J>i2+pi2))2 

+  1 13 1  /( C^-coi'( "^T3+pi3 )  j  ^+(Ci-sin(<}ii3+pi3) ) 1 

+  »/'fC^cos(  <^T1+4;piU)  )^^-(ci>  sin(  <pi}++pilt  >  )i:)/(JIiJ  +  |I2|-»'|I3|-^|Il4|).  (1)0) 


It  is  readily  seen  that  d, .  possesses  the  following  properties: 

91 

1.  d  ^  is  zero  if  the  points  1,  2,  3,  and  to  are  mapped  into  the  same  point. 
This  is  in  accordance  with  the  fact  that,  in  this  case,  conditions  (25)  are  sat¬ 
isfied  and  we  have  maximum  reradiation  in  the  direction  considered. 

2,  d  ^  is  not  changed  if  all  the  currents  are  multiplied  by  the  same  fac¬ 
tor.  This  should  be  the  case  since,  in  this  circumstance,  the  shape  of  the  re¬ 
radiation  pattern  does  not  change. 

In  the  above  derivation  we  have  considered  a  particular  direction.  In  or¬ 
der  to  find  a  measure  of  the  deviation  from  Van  Atta  effect,  we  have  to  take  in¬ 
to  account  all  directions  of  incidence.  Strictly,  this  should  involve  an  inte¬ 
gration  over  all  angles  of  incidence.  However,  it  is  assumed  to  be  sufficient 
to  consider  the  directions  <}k  =  0°,  10°,  p0°.  Therefore,  ve  use  as  a 

measure  of  the  deviation  from  Van  Atta  effect  the  sum  of  the  d  . ’s  for  the  direc- 

<fx 

tions  mentioned.  This  sum  will  bo  called  a. 

In  Pig.  6  s.re  given  some  illustrations  of  the  information  which  the  magni¬ 
tude  of  d  .  provides.  The  reradiation  is  calculated  in  an  interval  about  the 
91 

direction  of  incidence,  since  only  tells  us  about  the  reradiation  near  this 
direction.  The  examples  are  taken  rather  arbitrarily  from  different  rerndiation 
patterns.  Owing  to  the  fact  that  d. .  does  not  indicate  the  magnitude  of  reradia- 

r 

tion,  a  normalization  is  chosen  so  that  the  maxima  of  the  beams  nearest  the  Van 
Atta  direction  all  have  the  same  value.  7or  convenience,  the  Van  Atta  direction 
is  turned  so  that  it  is  the  same  for  all  the  patterns  shown. 

v  is  the  angle  between  the  Van  A^ta  direction  and  the  direction  of  tho  max-’ 
imum  nearest  the  Van  Atta  direction, 

b  indicates  the  reradiation  in  the  Van  Atta  direction  relative  to  the  rera- 
diation  which  would  be  obtained  if  all  currents  were  in  phase  in  this  direction. 
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Frc«n  the  illustrations  we  observe  that? 

1.  As  da.  increases,  b  usually  decreases  as  may  be  expected.  An  exception  oc~ 

curs  in  the  case  where  d,.  increases  from  0.59  to  0.60  and  b  increases  also. 

9i 

However,  we  notice  that  v  is  smaller  for  d  .  -  0,59  than  for  d,.  *  0.60. 

9 1  91 

2.  When  d,.  is  aero  the  currents  are  in  phase  in  the  Van  Atta  direction,  b  « 

91  0 

100  and  v  *  0  . 

3.  As  d,.  increases,  v  tends  to  increase.  The  increment  in  v  is  larger  for 

91 

broad  beams  than  for  narrow  beams.  This  may  be  expected  since  a  large  value 
of  v  will  cause  a  larger  decrement  in  the  reradiation  in  the  Van  Atta  direc¬ 
tion  in  the  case  of  narrow  beams  than  for  broad  beams. 

We  have  seen  above  that  the  value  of  d, ,  doe3  not  indicate: 

91 

1.  The  magnitude  of  reradiation  back  in  the  direction  of  incidence. 

2.  The  magnitude  of  b.  An  exception  occurs  when  d  .  =  0;  then  b  =  100  %t  and 

91 

conversely. 

3.  The  magnitude  of  the  maximum  of  reradiation  nearest  the  direction  of  inci¬ 
dence  relative  to  the  magnitude  of  the  reradiation  back  in  the  direction  of 
incidence. 

4.  The  magnitude  of  v.  An  exception  occurs  when  d,.  =0;  then  v  “  0°.  The 

91 

converse  may  not  be  true. 

5.  The  beam  width  of  the  beam  in  the  Van  Atta  direction. 

6.  Anything  about  the  reradiation  pattern  in  directions  which  are  not  near  the 
Van  Atta  direction. 

7.  That  the  back-scattering  may  be  small  even  though  d  ,  is  very  small.  See 

91 

Section  2.3. 

Because  knowledge  of  d, .  tells  us  nothing  about  so  many  characteristics 
of  the  reradiated  field,  we  may  now  ask  ourselves  whether  it  is  worthwhile  to 
try  to  find  a  Van  Atta  reflector  with  a  small  value  of  d  or  whether  it  would  be 
better  to  find  a  reflector  with  large  back-scattering  for  all  angles  of  inci¬ 
dence.  In  fact  we  will  do  both. 

First,  it  is  decided  to  use  the  method  developed  for  evaluation  of  the  de¬ 
viation  from  Van  Atta  effect,  because  the  idea  of  the  Van  Atta  reflector  is  that 
the  fields  from  the  antennas  should  be  in  phase  back  in  the  direction  of  inci¬ 
dence,  and  it  would  be  interesting  to  see  if  it  is  possible  to  find  a  reflector 
with  Van  Atta  effect. 

Next,  when  we  wish  to  use  the  reflector  we  may  be  more  interested  in  large 
back-scattering.  Therefore,  we  will  also  find  the  parameters  of  the  reflector 
for  which  the  back-scattering,  as  a  function  of  the  angle  of  incidence,  has  its 
largest  minimum  value. 
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The  desirability  of  using  d..  rather  than  b  or  v  for  evaluating  the  devia- 
tion  from  Van  Atta  effect  may  be  discussed: 

a.  As  mentioned  above  v  may  be  zero  even  though  the  currents  are  not  in 
phase.  Because  of  this  the  reradiation  may  be  small  when  v  is  zero.  This  often 
happens  at  endfire,  since  the  reradiation  pattern  is  symmetrical  about  the  plane 
of  the  reflector.  Therefore,  we  do  not  use  v. 

b.  Considering  Pig.  6  above,  we  observed  that  as  d^  increases,  b  usually 

decreases.  Hence,  since  du.  =  0  is  equivalent  to  b  *  100  J5,  it  may  be  expected 

91 

that  if  we  were  to  use  b  as  a  measure  of  the  deviation  from  Van  Atta  effect,  we 
would  obtain  results  which  would  be  as  "good"  as  those  found  when  we  use  d.  How¬ 
ever,  because  of  exceptiors  similar  to  the  above-mentioned  in  which  b  increases 

as  d,.  increases  from  0.59  to  0.60  but  v  is  smaller  at  0.59  than  at  0.60,  we  ex- 
91 

pect  that  the  use  of  d  as  a  measure  of  the  deviation  from  Van  Atta  effect  pos¬ 
sesses  a  small  advantage  over  the  use  of  b. 

It  should  be  noted  that  a  knowledge  of  d  tells  us  about  the  shape  of  the 
reradiation  pattern  near  the  Van  Atta  direction  but  nothing  about  the  magnitude 
of  the  back-scattering.  Therefore,  we  can  not  use  d  =  0  as  a  criterion  for 
large  back-reradiation.  However,  the  purpose  of  a  Van  Atta  reflector  is  to  have 
a  large  back-reradiation.  Therefore,  besides  considering  d,  we  will  also  consi¬ 
der  the  dependence  of  the  back-scattering  upon  the  parameters  of  the  reflector. 

2.5.  Conditions  for  maximum  back-scattering 

In  Section  2.3  it  has  been  found  that,  for  a  given  value  of  Zc,  the  de¬ 
viation  from  Van  Atta  effect  is  smaller  if  X  +  Z  cot 6*  =0,  than  if  this  is 

All  v 

not  the  case.  Furthermore,  the  deviation  from  Van  Atta  effect  may  be  decreased 
by  increasing  |ZCJ  relative  to  |Z  +  Zg  +  Z^J,  but  at  the  same  time  the  rera¬ 
diation  decreases. 

The  object  of  this  section  is  to  consider  the  manner  in  which  the  reradia¬ 
tion  back  in  the  direction  of  incidence  depends  on  the  value  of  |ZC(  when  XAn  + 
Z^cotefc  =  0  and  coupling  is  neglected. 

To  do  this,  and  for  the  illustrations  in  subsequent  sections,  it  is  con¬ 
venient  to  introduce  the  three  quantitites  max  ,  g  ,  and  min  .  These  are,  re- 
spectively,  the  maximum,  the  average,  and  the  minimum  values  of  the  back-scat¬ 
tered  field  intensity  as  a  function  of  the  angle  of  incidence.  The  three  quan¬ 
tities  are  assumed  to  be  the  most  characteristic  when  we  are  interested  in  the 
hack-scattered  energy  from  endfire  to  broadside.  Prom  the  maximum  value  we  can 
see  how  large  the  back-scattered  energy  nay  be  for  a  particular  direction  of  in¬ 
cidence.  When  we  know  the  average  value,  it  may  be  expected  that  in  some  inter- 
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vals  the  reflector  hag  hack-scattered  energy  larger  than  g  .  If  we  are  inter- 
ested  in  a  back-3cattered  energy  above  a  particular  level  for  all  angles  of  in¬ 
cidence,  we  have  to  consider  the  magnitude  of  min^. 

When  +  Zocot0!  =  0,  the  Equations  (32)  -  (35)  reduce  to 

■Wi  ♦  V*  *  V1  (kl) 

V!  *  V)  ■  va  (fc2> 

Vs  *  Vs  *  v3 
Wk  *  Vi  * 

By  using  Equations  (19)  -  (23),  (26),  (27),  and  (1*1)  -  (1*1*),  the  electric 
field  intensity  at  a  distance  r  from  0  in  the  Van  Atta  direction  is  found  to  be 

.  ikr  2R.  (cos2p  .  +cos2p  _ }  -  hZ 
B-.iil— V.  -^S - Xi - Xg - c  a  (J,5) 

r  R?  - 

An  C 

As  a  measure  of  the  back-scattered  field  intensity  we  use 
2^Jn{cos2pvi+c0s2pv2T/  +  l»*c* 


where  and  are  R^  and  (z^l,  respectively,  normalized  to  100  ohms.  In 
Scientific  Report  no.  2,g^/2  was  used.  It  i3  seen  that  the  value  of  gfe  depends 
on  the  magnitude  of  (cos2pv^  +  cos2pv2)2,  i.e.,  on  the  geometrical  configuration 
of  the  dipoles.  We  have  to  consider  two  cases. 

First,  when  the  diooles  are  placed  so  that  the  expression  {cop2pv^+cos2pv2}2 
can  take  the  values  1*  and  0,  then  g,  will  have,  respectively,  a  maximum  value  of 


and  a  minimum  value  of 


*  V 


.  In  these  cases  it  is  easily 


shown  that  the  largest  maximum  and  minimum  values  are 


,  respec¬ 


tively.  These  two  values  are  obtained  when  |zc|  equals  zero  and  R^,  respec¬ 
tively.  If  we  are  interested  in  as  large  a  value  of  mina  as  possible  for  all 
angles  of  incidence,  then  we  have  to  choose  ZQ  and  fc  so  that  |ZC|  =  R  .  Then 

the  ratio  of  max  to  min  is  J2, 
a  a 


-  1 6 


Next,  the  dipoles  are  placed  so  that  the  expression  {co82pv^+coB2pY,>}2 
can  taKe  at  most  one  of  the  values  0  and  1*.  This  may  happen  when  the  dipoles 
are  close  together.  For  example,  in  the  not -realisable  case  for  which  all  di¬ 
poles  are  placed  in  0;  here,  will  always  take  its  maximum  value. 

For  a  linear  reflector  with  the  elements  equispaced,  let  us  derive  the 
spacings  for  which  we  have  the  second  case  mentioned  above.  If  the  spacing  is 
a  and  the  direction  of  incidence  makes  an  angle  ^  with  respect  to  the  line  on 
which  the  dipoles  are  placed,  then 


{cos2pvl+cos2pv2}2  =  {cos(3kacos4'^)  +  cos(kaeos4u  )  }2  ,  (1*7) 

where  k  a  2ir/A  and  X  is  the  wavelength.  Here  {cos2pYl+cos2pv2}2  takes  the  value 

1)  for  4>.  ~  90°,  independently  of  a.  When  the  spacing  is  less  than  A/8,  the 

1  \ 
value  zero  is  never  obtained.  Hence,  when  0  <  a  <  ^  ,  we  have  an  example  of  a 

reflector  which  falls  into  the  second  category  described  above.  From  this  it 
appears  that  if  we  desire  min&  to  be  large  for  a  linear  reflector,  we  must  bring 
the  dipoles  as  close  together  as  possible.  But  then  difficulties  might  be  en¬ 
countered  in  fabrication  of  small  dipoles  and  due  to  coupling  which  has  a  large 
influence  when  the  spacing,  as  here,  is  less  than  A/8.  This  will  be  illustrat¬ 
ed  numerically  in  the  next  sections. 

In  tnis  section  we  have  found  that  if  we  wish  to  have  no  difficulties  due 

to  the  dimensions  of  dipoles  and  due  to  coupling,  and  if  we  desire  min  to  be  as 

large  as  possible,  then  we  should  choose  | |  equal  to  when  X^+Z^cotBil  *  0. 

It  should  be  mentioned  that  min  could  not  be  increased  over  the  maximum 

a 

value  found  above  if  we  permitted  X^+Z^cotBil  4  0* 


2,6.  The  specular  reflection 

In  this  section  we  shall  consider  the  specular  reflection  of  a  linear  re¬ 
flector.  The  coupling  will  be  neglected.  Specular  effect  is  defined  in  the 
same  way  as  Van  Atta  effect. 

For  the  linear  reflector  considered  in  Section  2.5,  it  is  found  in  a  way 
similar  to  the  above,  that 


gs  = 


2/ltr2  +z2  {  cos(3kacos4> .  )+cos(kucoo<j>. )  }2 
An  o _ l _ _ _ i_ 


An 


+  zi 


(1*8) 


may  be  used  as  a  measure  of  the  field  intensity  in  the  specular  direction.  The 
expression  for  g  shows  that  its  maximum  value  is  equal  to  the  maximum  of  g  , 
but  the  minimum  value  usually  differs  from  the  minimum  value  of  g^.  If  we  de- 
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sire  a  reflector  with  a  small  value  of  g  ,  then  we  must  increase  |ZJ;  but  this 
implies  that  the  back-scattered  energy  decreases,  as  we  have  seen  before. 

In  Scientific  Report  no.  2,  R  ,  X^  ,  and  ZQ  have  such  values  that  the  re¬ 
radiation  pattern  is  symmetrical  about  the  normal  to  the  reflector  when  coupling 
is  neglected.  In  general  this  is  the  case  when 

Z2 

(R  )2  +  (X  +  Zncote*)2  - - £■—  .  (1*9) 

M  An  0  ein2(U 

If  the  condition  X^n  +  Z^cotfSi.  =  0  is  satisfied  and  | |  =  R  ,  condition  (1*9) 

is  satisfied.  Therefore,  when  we  wish  a  small  value  of  d,  and  min  to  be  maxi- 

•  ’a 

mum,  the  deviation  from  specular  effect  is  equal  to  the  deviation  from  Van  At- 
ta  effect. 
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3.  THE  DEPENDENCE  OF  THE  RERADIATION  PATTERN 
ON  THE  PARAMETERS  OF  THE  REFLECTOR 


In  this  chapter  some  numerical  illustrations  of  the  foregoing  theoretical 
results  will  be  given.  We  consider  the  linear  reflector  consisting  of  four  e- 
guispaced  parallel  half-wave  dipoles.  It  will  be  shown  in  Section  3.1  that  the 
method  for  evaluating  the  deviation  from  Van  Atta  effect  provides  results  equi¬ 
valent  to  those  obtained  by  direct  comparison  between  the  reradiation  patterns. 

In  Section  3.2  we  shall  verify  the  conjecture  that*  for  given  d  is  smaller 
if  X.  +  ZAcot0t  is  zero  than  if  this  is  not  the  case.  Furthermore,  considera- 
tion  will  be  given  to  that  which  occurs  when  we  try  to  decrease  d  by  increasing 
|ZC|  relative  to  (Z^  +  Zfl  +  Z^|.  In  Section  3.3  the  optimum  values  of  Zq„  £, 
and  will  be  found  and  in  Section  3.U  the  optimum  value  of  a  vill  be  deter¬ 
mined.  The  optimum  values  are  defined  as  the  values  for  which  minQ,  as  a  func¬ 
tion  of  ZQ,  fc,  XAn,  and  a,  has  its  flattest  maximum  and  d  is  as  small  as  possible. 
In  Section  3.5  the  effects  of  some  particular  variation  of  the  parameters  of 
specific  reflectors  will  be  described.  Finally*  in  Section  3.6*  we  will  see 
what  happens  when  the  transmission  lines  are  of  unequal  lengths,  the  dipoles 
are  not  equi spaced,  and  the  reflector  is  not  linear. 

Throughout  the  investigation  the  influence  of  coupling  will  be  estimated. 

The  deviation  between  the  curves  for  which  coupling  is  taken  into  account  and 
those  for  which  coupling  is  neglected  are  due  to  the  fact  that  coupling  will  in* 
fluence  the  magnitude  and  the  phase  of  the  currents  in  the  dipoles.  Since  this 
influence  depends  on  the  spacing  between  the  elements  in  a  complicated  manner, 
its  magnitude  will  only  be  estimated  from  the  numerical  results  in  each  case. 

No  attempt  will  be  made  to  give  a  detailed  explanation  for  the  deviations  between 
the  two  sets  of  curves.  Such  an  explanation  could  be  given  by  considering  the 
magnitudes  of  the  mutual  impedances. 

3.1.  Illustration  of  the  method  for  evaluating  the  deviation  from  Van  Atta  ef¬ 
fect 

In  Fig,  7  the  measure  of  the  deviation  (d)  from  Von  Atta  effect  is  shown 
as  a  function  of  the  length  (l)  of  the  transmission  lines  in  the  caee  for  which 
a  a  0.501,  X^  *  0  ohms,  and  Zq  =  73  ohms.  From  the  figure  it  i3  found,  when 
coupling  is  neglected,  that  d  takes  its  minimum  value  for  9,  a  0.251  +  p0.50A 
and  its  largest  values  for  t  a  0.501  +  p0.50A.  The  fact  that  the  minimum  value 
occurs  for  l  =  0.251  +  p0.50A  is  in  accordance  with  the  condition  (37), 
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When  coupling  is  taken  into  account,  we  nee  that  the  smallest  value  of  d 
occurs  for  £  =  0.28A  +  pA,  and  that  coupling  disturbs  the  symmetry  with  respect 
to  t,  -  0.50A,  Furthermore,  for  £  =  0.28A  +  pA,  coupling  decreases  d  so  that  it 
becomes  smaller  than  the  minimum  value  of  d  obtained  when  coupling  is  neglected. 
Usually,  however,  coupling  increases  the  deviation  from  Van  Atta  effect. 

In  order  to  compare  the  reradiation  patterns  directly,  these  have  been  cal¬ 
culated  for  <Ju  =  0°,  10°,  ...,  90°  for  several  lengths  of  the  transmission  lines 
when  a,  X^,  and  take  the  values  given  above.  For  each  length  we  have  eva¬ 
luated  the  angle  between  the  Van  Atta  direction  and  the  direction  of  the  maximum 
nearest  the  Van  Atta  direction  for  =  0°,  10°,  ...,  90° •  The  sum  of  these  ten 
angles,  as  a  function  of  the  lengths,  takes  its  smallest  value  for  A  =  0.25A  + 
p0.50A  when  coupling  is  neglected  and  for  £  =  0.28A  +  pA  when  coupling  is  taken 
into  account  (compare  with  Scientific  Report  no.  2,  p.lU). 

The  agreement  between  the  above  mentioned  results  indicates  that  the  meth¬ 
od  for  evaluating  the  deviation  from  Van  Atta  effect  may  be  used  when  many  re¬ 
flectors  are  to  be  compared.  The  evaluation  of  d  is  much  easier  than  the  deter¬ 
mination  of  the  angle  between  the  V'-n  Atta  direction  and  the  direction  of  the 
maximum  of  reradiation  nearest  the  Vnn  Atta  direction.  The  evaluation  of  d  re¬ 
quires  only  a  knowledge  of  the  currents  in  the  dipoles  whereas  the  evaluation 
of  the  above-mentioned  angle  requires  in  addition  a  knowledge  of  the  shape  of 
the  reradiation  pattern.  Furthermore,  as  discussed  in  Section  2.U ,  the  above- 
mentioned  angle  may  be  zero  even  when  the  currents  are  not  in  phase. 

3.2.  The  condition  for  decreasing  the  deviation  from  Van  Atta  effect 

In  Section  2.3  it  has  been  seen,  when  coupling  between  the  dipoles  is  neg¬ 
lected,  that  we  may  expect  to  have,  for  constant  Z^,,  a  smaller  d  if 

XAn  +  V°tW  =  °  *  (50) 

than  if  this  is  not  the  case.  Furthermore,  it  was  found  that  we  can  decrease  d 
by  increasing  |z^|  relative  to  |Z^n  +  Z^  +  Z^|.  In  fact,  d  can  be  decreased  as 
much  «.s  we  desire  but  then,  unfortunately,  the  reradiation  decreases.  In  this 
section,  these  results  will  be  verified  by  considering  some  numerical  computa¬ 
tions. 


3. 2. a.  The  condition  X.  *  Z.cotBA  =  0 
_ An  0 _ 

In  Figs. 8  and  9,  d  is  plotted  as  a  function  of  £  when  Z^  equals  73  ohms 

and  50  ohms,  respectively.  For  each  value  of  ZQ  two  curves  are  shown,  one  for 

which  X  is  chosen  so  that  X,  +  Z  cot(S£  =  0  for  each  value  of  £  and  one  for 


-  20  - 


which  X.  =0  ohms.  We  see  that  the  two  curves  meet  for  £  -  0.25).  since  then 
An 

the  condition  X^  +  ZQcot0£  =  0  requires  *  0  ohms.  As  expected  we  notice 
that  the  deviation  from  Van  Atta  effect  is  smaller  if  X„  +  Z.cotBA  *  0,  than 
if  this  is  not  the  case.  When  ZQ  =  73  ohms  and  X^  -  0  ohms,  the  smallest  val¬ 
ue  of  d,  as  a  function  of  £,  occurs  for  £  «  0.25)  +  p0.50X  since  then  X^  + 
Z^cotfU  =  0,  This  is  not  the  case  when  Z^  =  50  ohms  and  XAn  -  0  ohms.  Here  d, 
as  a  function  of  £,  has  a  maximum  when  XAn  +  ZQcotl3£  =  0.  This  may  be  explained 
in  the  following  way:  as  £  increases  or  decreases  from  0.25)  +  p0.50)  then  | | 
increases.  This  decreases  d  to  a  greater  extent  than  d  is  increased  by  the  in¬ 
crease  in  |X,  +  Z„cot$£|. 

An  0 

When  ZQ  is  about  73  ohms  or  larger,  then  d,  as  a  function  of  £,  will  have 
a  minimum  when  X^  +  ZQcot0£  =  0.  This  is  illustrated  in  Figs,  10  and  11, 
where  d  is  shown  as  a  function  of  the  length  of  the  transmission  lines  when  X^ 
is  equal  to  -73,  0,  and  73  ohms.  When  coupling  is  neglected,  it  is  seen  that, 
in  accordance  with  condition  (50),  d  has  minima  for  £  =  1/8,  2/8,  3/3)  in  the 
interval  0)  to  1/2)  and  for  £  =  5/8,  6/8,  7/8)  in  the  interval  1/2)  to  1)  when 
XAn  -73,  0,  and  73  ohms,  respectively.  Coupling  between  the  dipoles  produces 
only  some  slight  changes  in  the  positions  of  the  minima. 

3.2.b.  The  decrement  of  d 

We  shall  now  see  what  happens  when  we  try  to  decrease  d  by  increasing  Z c 
if,  at  the  same  time,  the  condition  ( 50 )  is  satisfied.  The  increment  of  Z^  may 
be  obtained  by  letting  (a)  ZQ  tend  to  infinity,  or  (b)  £  tend  to  a  multiple  of 
half  a  wavelength,  or  (c)  ZQ  and  £  tend,  in  an  arbitrary  manner,  to  infinity  and 
a  multiple  of  half  a  wavelength,  respectively.  This  method  which  is  a  combina¬ 
tion  of  (a)  and  (b)  will  not  be  examined, 

a.  In  Fig.  12,  d  is  shown  as  a  function  of  ZQ  when  a  *  0.50),  *  0 

ohms,  and  £  =  0,25).  Since  X^  +  ZQcot6£  *  0,  the  deviation  from  Van  Atta  ef¬ 
fect  takes  its  largest  value  for  =  0  ohms  (the  dipoles  short-circuited)  and 
decreases  when  is  increased j  but,  as  expected,  the  reradistion  decreases 

(see  Figs.  13. a,  13. b,  13. c).  In  these  figures  and  in  what  follows  max  ,  g  , 

a  fx 

and  mina  denote,  respectively,  the  maximum,  the  average,  and  the  minimum  values 

of  the  back-scattered  field  intensities  for  the  angles  of  incidence  0°,  10°, 

...,  90°.  Since  the  curve  for  max  is  above  that  for  g  and  the  curve  for  min 

an  o, 

is  below,  it  is  not  indicated  on  the  figures  which  curve  refers  to  which  quan¬ 
tity. 

Above  ve  noticed  that  as  ZQ  tends  to  infinity  (dipoles  open-circuiteu)  g& 
decreases.  On  the  other  hand  is  also  decreased  when  Z^  tends  to  zero  (dipoles 
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short-circuited).  Since  IzJ  =  ZA  for  the  length  chosen,  min  has  its  maximum 

for  *  73  ohms.  Furthermore,  max  takes  its  largest  value  for  =  0  ohms 
0  a  0 

(see  Section  2,5).  Since  g&  is  a  measure  of  the  average  back-scattering,  sa 
has  its  maximum  for  a  value  of  ZQ  between  0  ohms  and  73  ohms. 

We  see  that  coupling  increases  d  and  decreases  g  ,  The  maximum  of  min 

El  £1 

occurs  at  about  Z^  *  60  ohms  when  coupling  is  taken  into  account.  Furthermore, 
we  see  that  due  to  coupling  min&  is  sot  zero  when  the  transmission  lines  are 
short-circuited. 

b.  In  Figs.  1U,  15. a,  15. b,  and  15. c  are  shown  what  happens  if  we  try  to 
decrease  the  deviation  from  Van  Atta  effect  by  letting  l  tend  to  a  multiple  of 
half  a  wavelength.  For  all  values  of  i  we  have  chosen  XAn  so  that  X^+Zj^cot 
0.  In  Fig.  14,  d  is  plotted  as  a  function  of  i  when  X^n  =  -  Z0cot££,  ZQ  =  73 
ohms,  and  the  equispacing  a  =  0.50A.  Owing  to  the  fact  that  | |  is  smallest 
for  l  =*  0.25A  +  p0.50X,  d  is  largest  for  £  =  0.25A  +  p0.50A.  As  i  tends  to  a 
multiple  of  half  a  wavelength  } Z_, }  increases  and,  therefore,  d  decreases.  How- 
ever,  at  the  same  time  the  reradiation  decreases  and  is  zero  when  l  equals  a 
multiple  of  half  a  wavelength.  This  is  in  accordance  with  the  remarks  in  Sec¬ 
tion  2.3  and  is  illustrated  in  Figs.  15.a,  15. b$  and  15. c. 

From  Fig.  14  we  see  that  coupling  increases  the  deviation  from  Van  Atta 
effect  for  all  lengths  of  the  lines.  Figs.  15. a,  15.b,  and  15. c  show  that  in 

the  interval  0A  to  0,50 A  coupling  decreases  g  and  in  the  interval  0.50A  to 

€1 

lA,  is  enhanced.  Note  that  in  the  interval  from  0.50A  to  1A,  coupling  in¬ 
creases  max  but  decreases  min  .  See  Section  3.5  for  what  happens  when  SL  is  e- 
a  a 

qual  to  a  multiple  of  half  a  wavelength  and  not  chosen  so  that  X^+Z^cotet* 

0. 


3»3.  The  optimum  values  of  ZQ,  Jt,  and  XAn  when  coupling  is  neglected 

In  this  section  we  will  find  the  optimum  values  of  Z,.,  and  X,  when 

O’  *  An 

coupling  is  neglected.  According  to  the  definition  of  optimum  values  of  para¬ 
meters  we  must  find  the  values  of  Z„,  5.,  and  X.  for  which  min  has  its  flattest 
maximum,  and  d  is  as  small  as  possible.  In  Section  2.5  it  has  been  found,  when 
a  >  A/8,  that  min  is  largest  when  |Z,-,|  -  R.  =73  ohms  and  X,  chosen  so  that 
XM  +  =  0.  However,  there  are  infinitely  many  sets  of  values  of  ZQ,  tt, 

and  which  satisfy  the  conditions  | |  =  RAn  and  XAn  +  ZgCotBA  *  0.  For  all 
such  sets  of  values  it  follows,  by  considering  Equations  (32)  -  (35),  that  d  is 
the  same.  Due  to  these  facts,  we  shall  try  to  find  some  optimum  values  so  that 
some  change  in  i  or  Zn  only  causes  the  smallest  change  in  min  .  The  determ.ina- 
tion  will  be  made  graphically  when  a  =  0.50A,  but  will  be  valid  for  all  a  >  X/8. 
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The  values  obtained  will  be  called  the  optimum  values.  The  graphical  determina¬ 
tion  is  made  since  this  is  more  illustrative,  than  a  mathematical  determination 
obtained  by  considering  Equation  (^5). 

Since  Z -  iZQ/sing£,  we  have  to  explore  the  variations  in  d  and  mina  as 
functions  of  d  and  ZQ  when  X^  satisfies  XAn  +  Z^cotfid  *  0  for  all  values  of  Z^ 
and  d.  Figs.  l6  and  17  show  the  behaviour  for  equal  to  10,  30,  73,  and  110 

ohms.  When  Z_  >  73  ohms,  the  maximum  value  of  min  is  less  than  that  obtainable 
U  ft 

for  smaller  values  of  Z^  since  \Z^\  >  R^n  for  all  values  of  d.  When  Z^  <  73 
ohms,  min  has  its  maximum  value  when  d  is  chosen  so  that  \zA  -  R.  .  The  least 
critical  choice  is  d  =  0.2$  A  +  p0.50A  when  Z^  »  73  ohms,  since  then  the  maximum 
of  min  ,  as  a  function  of  d,  is  more  flat  than  when  Z_  <  73  ohms.  Hence,  we  take 

ft  V 

73  ohms  and  0.25A  +  p0.50A  as  the  optimum  values  of  the  characteristic  impedance 
and  the  length  of  the  transmission  lines,  respectively.  Then,  from  the  condi¬ 
tion  X^  +  Z0cotBd  =  0,  it  follows  that  0  ohms  is  the  optimum  value  of  X^. 

In  Fig.  16  we  see  that  d  increases  as  ZQ  decreases.  This  is  in  accordance 
with  Section  2.3. 

3.h.  The  optimum  value  of  a  when  coupling  is  neglected 

In  Section  2.5  it  has  been  found  that  the  maximum  value  of  tnina  is  inde¬ 
pendent  of  the  spacing  when  this  is  larger  than  A/8.  Below  it  will  be  seen  why 
we  are  not  interested  in  a  <  A/Q.  Hence,  we  cannot  optimize  a  with  respect  to 

min  .  Instead  we  will  now  optimize  a  with  respect  to  d  when  coupling  is  neglect- 
ft 

ed  and  when  ZQ,  d,  and  have  the  optimum  values  found  above.  The  optimization 
will  be  performed  numerically  and  only  spacings  less  than  three  wavelengths  will 
be  considered.  Hence,  we  will  find  the  smallest  value  of  d  for  A/8  <  a  <  3A, 

In  Fig.  18,  d  is  plotted  as  a  function  of  a.  We  notice  that  d  has  its  mi¬ 
nima  when  a  is  about  a  multiple  of  a  quarter-wavelength.  An  explanation  of  this 
has  not  been  found.  When  a  is  less  than  one  wavelength, the  minima  are  usually 
more  pronounced  than  when  a  is  larger  than  one  wavelength.  The  smallest  values 
of  d  occur  at  a  multiple  of  half  a  wavelength.  The  optimum  value  of  a  is  at  one 
and  a  half  wavelength  when  coupling  is  neglected.  Usually  coupling  increases 
the  deviation  from  Van  Atta  effect. 

The  variation  in  d  with  spacing  is  also  explored  when  Z 0,  d,  and  X^n  do 
not  have  their  optimum  values.  An  example  is  shown  in  Fig.  19.  It  turns  out 
that,  usually,  d  still  has  minima  when  a  is  about  a  multiple  of  half  a  wavelength 
When  the  spacing  between  dipoles  is  increased,  coupling  decreases.  This  is 
illustrated  ii  Figs.  10  and  20. a  from  which  it  appears  that  as  the  spacing  in¬ 
creases,  the  deviation  decreases  between  the  curves  for  which  coupling  is  neg¬ 
lected  and  those  for  which  coupling  is  taken  into  account. 
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In  accordance  with  Section  2.5,  Pig.  20, b  shows  that  max&  is  constant  for 

all  values  of  a,  min  is  constant  for  a  >  X/8  but  tends  to  maxo  when  spacing 

tends  to  zero.  When  a  is  somewhat  larger  than  a  multiple  of  half  a  wavelength, 

has  a  maximum, 
a 

From  Fig.  20. b  and  20. c  we  see  that,  when  the  spacing  is  less  than  one 
wavelength,  coupling  may  change  max  by  as  much  as  50  %  from  the  value  it  has 
when  coupling  is  neglected. 

Note  that  for  a  <  X/8,  min  does  not  tend  to  2/2/r.  when  a  tends  to  zero 

’a  An 

as  is  the  case  when  coupling  is  neglected.  Furthermore,  the  reradiation  is  rath¬ 
er  small  when  a  is  less  than  half  a  wavelength.  Because  of  this  we  are  not  in¬ 
terested  in  examining  a  reflector  with  a  <  X/8. 

3.5.  Specific  variations 

In  this  section  we  shall  consider  the  effect  of  some  specific  variations 
which  could  not  be  logically  described  in  the  foregoing  sections,  but  which  might 
be  of  some  interest. 

3. 5 «a.  Dependence  of  X, 

An 

In  Figs, 21  and  22,  d  and  g&  are  plotted  as  functions  of  for  Z^  * 

73  ohms,  i  =  0.25X,  and  a  =  0.50X.  When  coupling  is  neglected,  d  has  a  minimum 
for  =  0  ohms;  this  is  in  accordance  with  the  fact  that  for  the  chosen  re¬ 
flector  XAn  +  ZQcot8£  =  0  for  XAn  =  0  ohms.  Coupling  makes  only  a  slight  change 
in  d  but  changes  the  maximum  of  g&  from  occurring  for  XAn  -  50  ohms  to  being  for 
X.  -  -  100  ohms. 


3.5.b,  Independence  of  Zq 


The  reradiation  pattern  does  not  change  with  variations  in  ZQ  when  the 
lengths  of  the  transmission  lines  are  multiples  of  half  a  wavelength.  This  is 
proved  in  the  following  manner. 

Let  C.^  =  sj  and  =  ng  tj  ,  where  n^  and  are  integers.  From  Eq.ua- 
tions(ll)  -  (lh)  it  can  be  shown  that  1^  =  -  I^ein^,t  and  a  -  I0eln2  ,  and 
that  1^  and  I^  are  determined  by 


(2ZAn-2Zl4e  W*!***'  -Zlf  +Z3l»e 


in,yr  Un.+n^TT  in.J 

»2-VV  1511 


in.,  ir  iiUJT  i(n1+n^)ii  in_n  in^ir 

^Z12"Z2l*e  ”Z13&  +Z34e  )Ii+{2ZAn“2Z.e  )I2  =  V2-V3e  .  (52) 


2h 


From  this  it  appears  that  the  reradiation  pattern  is  independent  of  the 
characteristic  impedance  ZQ,  when  the  lengths  of  the  lines  are  multiples  of 
A/2.  This  may  be  readily  understood  by  considering  the  equivalent  X-circuit 
for  the  tranmission  lines.  The  result  is  illustrated  in  Figs.  23  and  2h  where 
d  and  g&  are  shown  as  functions  of  the  length  of  the  lines  for  various  values 
of  the  characteristic  impedance.  It  is  seen  that  the  curves  meet  at  a  common 
point  when  i  is  a  multiple  of  half  a  wavelength.  Except  in  some  small  inter¬ 
vals,  coupling  increases  the  deviations  from  Van  Atta  effect  and,  except  at  one 
of  the  maxima  when  =  90  and  73  ohms,  the  reradiation  is  decreased.  Notice 
furthermore  that  coupling  changes  the  relative  magnitude  of  the  maxima  in  the 
interval  from  0.50A  to  1A  (see  Fig.  2k).  These  results  are  naturally  only  val¬ 
id  for  the  reflector  with  a  ■  0.50A  and  X^n  =  0  ohms,  but  indicate  how  much 
coupling  may  influence  the  reradiation  properties  of  a  reflector.  This  is  al¬ 
so  shown  in  Figs.  25  and  26  from  which  it  is  seen  that  the  maximum  of  max  is 
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increased  considerable  by  coupling. 

3.5. c.  Independence  of 

When  coupling  is  neglected,  it  is  easily  shown  that  the  shape  of  the  rera¬ 
diation  pattern  does  not  change  with  when  the  lengths  of  the  transmission 
lines  are  multiples  of  half  a  wavelength  (see  Equations  (51)  and  (52)).  The  re¬ 
radiation  will  decrease  as  |X  I  ®  and  be  maximum  when  X.  *  0  ohms.  This  is 
illustrated  in  Fig.  27  where  g&  is  shown  as  a  function  of  X^  for  a  =  0.50A,  t  - 
0.50A,  and  Z  =  73  ohms,  d  is  found  to  be  5.61*.  min  is  zero  since,  for  this 
specific  choice  of  parameters,  we  have  no  reradiation  at  all  for  endfire. 

3.6.  Asymmetries  in  the  reflector 

In  this  section  we  shall  consider,  as  examples,  what  happens  when  the 
transmission  lines  are  of  unequal  length,  the  dipoles  are  not  equispaced,  and 
the  reflector  is  not  linear. 

Let  ^  and  be  the  lengths  of  the  transmission  lines  and  let  n^,  n^, 

n21*  n22’  n31*  n32*  nUl*  and  nts2  the  coordinates  of  the  dipoles  (see  Fig. 28). 

As  our  starting  point  we  will  take  the  linear  reflector  with  a  =  0.50A, 
l  -  0.25 A,  =  0  ohms,  and  ZQ  =  73  ohms. 

In  Fig.  29,  d  is  shown  as  a  function  of  £ when  the  other  parameters  are 
constant.  The  curve  for  which  coupling  is  taken  into  account  does  not  have  a 
minimum  for  Jig  =  0.251,  but  it  is  seen  that  coupling  only  shifts  its  position 
by  0.05A.  As  might  be  expected,  d  has  its  maximum  when  deviates  by  A/2  from 
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In  Pig.  30,  d  is  plotted  as  a  function  of  n^,  i.e.,  the  effect  of  non- 
equispacing  is  examined.  In  Fig.  31,  d  is  shown  as  a  function  of  n^2,  i.e., 
the  effect  of  non-linearity  is  investigated.  In  Figs.  30  and  31  it  is  seen 
that  coupling  shifts  the  position  of  the  minima  by  about  0,02 A, 

These  examples  show  that  in  a  Van  Atta  reflector  in  which  coupling  is  pre¬ 
sent,  the  deviation  from  Van  Atta  effect  may  be  decreased  by  permitting  the 
transmission  lines  to  be  of  unequal  length,  the  dipoles  to  be  non-equi spaced, 
and  the  reflector  to  be  non-linear.  However,  the  decrement  which  may  be  ob¬ 
tained  is  small.  Similarly,  it  is  found  that  the  increment  in  mina  obtained 
by  permitting  the  above-mentioned  asymmetries  is  small. 
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1*.  NUMERICAL  OPTIMIZATION 


In  the  previous  chapter  we  have  found  that  it  is  possible  to  find  values 
of  the  parameters  so  that  the  deviation  from  Van  Atta  effect  d  may  he  made  as 
small  as  we  desire.  Unfortunately,  the  reradiation  decreases  in  such  a  way 
thut  the  smaller  the  value  of  d  the  smaller  the  reradiation  will  be. 

Due  to  this  fact  we  shall  optimize  the  reradiation  pattern  of  the  Van  At¬ 
ta  reflector  by  using  two  different  criteria. 

First,  we  shall  find  the  parameters  of  the  reflector  for  which  min  is  as 

cl 

large  as  possible,  and  d  as  small  as  possible. 

Next,  we  shall  find  the  parameters  of  the  reflectors  for  which  min  is  a- 

ft 

hove  various  prescribed  levels,  and  d  as  small  as  possible. 

In  Chapter  3  we  have  used  the  first  criterion  to  find  the  so-called  opti¬ 
mum  values  of  the  parameters  when  coupling  is  neglected.  Furthermore,  the  in¬ 
fluence  of  coupling  has  been  estimated  for  particular  combinations  of  parame¬ 
ters.  In  this  chapter  coupling  will  be  taken  into  account  for  a  large  number 
of  combinations  of  parameter  values  anu  we  are  interested  in  exploring  the  pos¬ 
sibility  of  finding  values  of  4,  a,  X^,  and  for  which  coupling  increases 
the  value  of  min  over  its  maximum  value  2/r.  ,  obtained  when  coupling  is  neg- 
iectea. 

Similarly,  by  using  the  second  criterion,  we  shall  investigate  whether  or 
not  coupling  for  some  values  of  4,  a,  X^,  and  causes  the  reflector,  for 
which  mina  is  above  a  prescribed  level,  to  have  a  deviation  from  Van  Atta  effect 
which  is  smaller  than  that  obtained  when  coupling  is  neglected. 

After  the  two  criteria  have  been  applied  to  the  reflector  with  transmis¬ 
sion  lines  of  equal  length  and  equispaced  dipoles,  a  further  optimization  will 
be  made  in  which  we  permit  the  transmission  lines  to  be  of  unequal  lengths,  the 
dipoles  to  be  non-equi spaced,  and  the  reflector  to  be  non-linear. 

l«.l.  The  reflector  with  the  largest  value  of  min  ,  and  d  as  small  as  possible 
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k.l. a.  The  method 

In  Chapter  3  it  has  been  found  when  coupling  is  neglected,  that  the  opti¬ 
mum  values  of  4,  a,  X^,  and  are  0.251  +  p0.50A,  1.50A,  0  ohms,  and  73  ohms, 
respectively.  Coupling  may  change  this  result.  Since  coupling  has  the  greatest 
effect  for  a  <  IX.  we  shall  first  try  to  obtain  an  idea  of  whether  coupling  in- 


creases  or  decreases  min  ,  for  a  <  IX,  by  evaluating  min  and  d  for  all  combine- 

tions  of  values  of  i,  a,  X^,  and  ZQ  given  in  Table  1.  Some  characteristic  sets 

of  values  are  selected  for  i  and  a  and  the  values  chosen  for  X,  and  Z»  are  near 
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their  optimum  values  (XAn  =  -  42  ohms  is  the  reactance  of  a  half-wave  dipole). 

In  this  way,  min  and  d  are  calculated  for  1600  sets  of  parameters. 

After  considering  the  results  of  this  calculation,  we  shall  select  the  10 
sets  with  the  largest  values  of  min  .  These  10  sets  are  then  optimized  as  de- 
scribed  in  Section  4.1.c.  Together  with  the  10  sets,  the  2  sets  with  the  opti¬ 
mum  values  given  at  the  beginning  of  this  section  (£  *  0.25X  and  0.75*)  will  be 
optimized.  Hence,  we  get  an  idea  of  the  influence  of  coupling  when  it  is  large 
(a  <  IX)  and  when  it  is  small  (a  =  1.5X).  The  maximum  value  of  iuin  is  not 
found  since  a  continuous  variation  of  the  parameters  is  not  made,  but  it  is  ex¬ 
pected  that  the  results  will  only  deviate  by  a  few  per  cent. 

4.1«b.  The  results  for  a  <  IX 

The  results  obtained  by  evaluating  the  above-mentioned  1600  reflectors 
are  conveniently  described  by  considering  min  as  a  function  of  one  parameter 
with  the  other  held  fixed. 

It  has  been  found  that: 

1.  min&,  as  a  function  of  l,  usually  has  maxima  near  the  lengths  deter¬ 
mined  by  cotBR  =  -  X^/Zq,  A  typical  variation  of  mina  as  a  function 
of  the  length  is  shown  in  Fig.  32. 

In  particular  it  is  found: 

a.  rain  is  zero  for  i  -  IX. 

b.  mina  is  small  for  l  =  1/2X.  In  particular,  min&  is  zero  for  t  = 
1/2X  and  a  »  1/2X  or  IX. 

2.  min  ,  as  a  function  of  a,  usually  has  its  largest  value  for  a  =  IX 

a 

and  a  small  maximum  near  a  =  1/2X.  For  an  example  see  Fig.  20. c.  As 
mentioned  above,  exceptions  to  this  behaviour  occur  for  l  =  1/2X  and 
IX. 

3.  Any  choice  of  XAn,  from  among  the  values  of  Table  1,  gives  essential¬ 
ly  the  same  maximum  value  of  mina  by  choosing  appropriate  values  of 

f. ,  a,  and  ZQ. 

4.  min  ,  as  a  function  of  Z  ,  usually  has  a  maximum  for  Z  =  73  ohms. 
However,  there  are  sane  exceptions  to  this  rule.  One  exception  has 
already  been  shown  in  Fig.  13. c. 

We  may  conclude  that  there  have  not  been  found  any  sets  of  values  for  the 
parameters  of  the  reflector  for  which  coupling  causes  variations  in  min  other 
than  those  already  observed  in  Chapter  3.  Furthermore,  it  has  been  found  that 


28 


the  10  sets  with  the  largest  values  of  min  all  have  a  =  IX.  From  this  we  de¬ 
duce  that  for  all  combinations  of  values  of  ft,  X,  ,  and  ZA  for  which  mia„  has 

*  An  o  a 

a  considerable  value,  coupling  reduces  min  as  shown  in  Fig,  20. c. 

U.l.c.  The  results  of  the  optimization  process 

We  will  now  consider  the  optimization  of  the  10  sets,  together  with  the 
2  optimum  sets  mentioned  at  the  beginning  of  Section  1**1. a.  The  optimization 
is  performed  in  the  following  way.  First,  ft  is  increased  or  decreased  in  steps 
of  0.02X  until  it  is  equal  to  a  value  for  which  min  ,  as  a  function  of  ft,  is  as 

ft 

close  as  possible  to  a  maximum.  With  the  value  of  the  length  so  obtained  we, 
similarly,  change  a,  X^,  and  ZQ  in  turn  by  steps  of  0.02A,  5  ohms,  and  5  ohms, 
respectively.  Then  l,  a,  XAn,  and  ZQ  are  changed  anew  in  the  same  way,  and  so 
on,  until  no  enhancement  of  min&  occurs  when  the  parameters  are  increased  or  de¬ 
creased  by  the  steps  given  above.  The  magnitude  of  the  steps  is  chosen  so  that 
the  optimization  process  does  not  take  too  much  time  and  we  may  expect  to  obtain 

a  value  of  min  which  is  close  to  its  maximum, 
a 

In  Table  2  the  results  are  shown  for  the  12  reflectors  which  are  optimized. 

In  the  rows  denoted  b  and  a  we  have  the  values  of  d,  min.,  and  the  parameters  of 

a 

the  reflectors  ^before  and  after  the  optimization,  respectively.  As  explained 
above,  a  is  equal  to  lx  for  the  first  10  sets.  We  see  that  coupling  causes  l, 

X^,  and  Zq  to  differ  from  the  optimum  values  obtained  when  coupling  is  neglected, 
namely,  0.25X  +  p0.50A,  0  ohms,  and  73  ohms,  respectively.  The  deviations  are 
more  pronounced  for  a  =  IX  than  for  a  =  1.5X  which  is  attributable  to  the  fact 

that  coupling  is  larger  for  IX  than  for  1.5A.  We  see  that  the  largest  value  of 

min  ,  which  is  obtained  by  the  optimization,  is  2.82  and  occurs  <*or  a  =  1.54X 
(compare  with  Fig.  20. c).  Here  we  have  an  example  in  which  coupling  increases 
min  over  the  largest  value  of  min  ,  2.7**,  which  is  obtained  if  coupling  is  not 
present.  However,  the  increment  is  negligible  and  some  of  it  may  be  due  to  the 
fact  that  the  back-scattered  energy  is  only  computed  for  discrete  directions  and, 
therefore,  the  exact  value  of  min&  is  not  obtained.  For  a  =  IX  the  largest  val¬ 
ue  of  ®inft  is  2.6!*,  which  is  below  the  largest  value  2.7**  obtained  when  coupling 
is  neglected. 

The  reradiation  patterns  for  the  two  cases  mentioned  above  are  shown  in 
Figs.  33  and  3**.  We  see  that  for  a  =  1.5**A  there  are  more  and  sharper  beams 

than  for  a  =  IX.  In  agreement  with  the  curve  in  Fig.  18,  the  deviation  from  Van 

Atta  effect  is  smaller  for  a  =  1,>4a  than  for  a  =  IX  (see  Table  3).  A  further 
discussion  referring  to  these  reradiation  patterns  will  be  given  in  Section  4,3. 
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b,2.  Reflectors  with  min  over  a  prescribed  level,  and  d  as  small  as  possible 

cl  _  _____  .  _  _ 


l<.2.a.  The  method 

In  this  section  we  shall  find  the  values  of  the  parameters  for  which  mina 
is  larger  than  1.5,  2.0,  and  2.5,  and  d  is  as  small  as  possible. 

Again,  when  coupling  is  small  (a  -  1.51),  we  shall  find  how  small  a  value 
of  d  there  may  be  obtained  by  varying  the  parameters  about  the  optimum  values 
found  when  coupling  is  neglected. 

When  coupling  is  large  (a  <  IX),  from  among  the  1600  sets  of  parameters 
mentioned  before,  we  select  the  10  sets  for  which  Z^  -  73  ohms  and  d  is  smal¬ 
lest.  It  will  be  explained  later  why  we  have  chosen  the  10  sets  with  Zq  =  73 
ohms.  These  10  sets  together  with  the  2  optimum  sets  mentioned  at  the  beginning 
of  Section  •j.l.a,  are  optimized  as  described  below.  Again,  we  do  not  obtain  the 

minimum  value  of  d  when  min  is  above  the  prescribed  level,  but  the  evaluation 

& 

provides  an  idea  of  whether  or  not  it  is  possible  to  choose  £,  a,  X^,  and  ZQ 
so  that  coupling  causes  the  deviation  from  Van  Atta  effect  to  be  less  than  that 
which  would  be  obtained  if  coupling  were  not  present. 

U.2.b.  The  results  for  a  <  IX 

From  the  analysis  of  the  results  of  the  l600  reflectors  we  conclude  the 
following  for  the  deviation  from  Van  Atta  effect: 

1.  d,  as  a  function  of  £,  usually  has  minima  near  the  lengths  determined 
by  cot  6 ^  =  -  Xto/20. 

In  particular,  it  is  found  that  a  usually  has  its  largest  value  for 
l  -  1/2X  and  IX. 

2.  d,  as  a  function  of  a,  has  minima  for  a  *  1/2X  and  IX.  Often  d  has 
a  minimum  for  a  *  Q.75X  but  it  has  rarely  a  minimum  for  a  =  0.25X. 
Hence,  a  typical  variation  i3  shown  in  Fig.  18. 

3.  Any  choice  of  XAn,  from  among  values  in  Table  1,  gives  essentially 
the  same  minimum  value  of  d  by  choosing  appropriate  values  of  £,  a, 
and  Z0> 

b,  d,  as  a  function  of  Zq,  decreases  as  Zq  increases. 

As  in  Section  U.l.b  we  have  not  found  any  sets  of  values  of  the  parameters 
of  the  reflector  for  which  coupling  causes  variations  in  d  other  than  those  al¬ 
ready  observed  in  Chapter  3. 
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k.2.c.  The  results  of  the  optimization  process 

We  will  now  describe  the  optimization  of  the  12  sets  mentioned  in  Section 

li.2,a. 

Above,  we  have  seen  that  d  is  decreased  as  Z^  increases.  Therefore,  it 
was  decided  to  optimize  reflectors  for  which  Zq  =  73  ohms  and  to  finish  the  op¬ 
timization  process  by  increasing  ZQ,  Hence,  the  optimization  process  has  been 
made  in  two  steps. 

First,  d  is  minimized  by  an  optimization  process  in  which  A,  a,  and 
in  turn  change  by  steps  of  0.02A,  0.02A,  and  15  ohms,  respectively,  in  a  simi¬ 
lar  manner  to  that  described  in  Section  U.l.c.  Next,  d  is  decreased  by  increas¬ 
ing  ZQ  in  steps  of  20  ohms  until  min&  is  below  1.5.  As  ZQ  is  increased  we  ad¬ 
just  so  that  +  Z^cotfU  =  0,  since  we  know  from  the  previous  chapter  that 

the  deviation  from  Van  Atta  effect  is  smaller  when  X,  +  Z^cotBS.  =  0,  than  if 

An  u 

this  is  not  the  case. 

The  results  are  shown  in  Table  for  the  12  sets.  For  every  set  the  val¬ 
ues  of  d,  min^,  the  parameters  of  the  reflector,  and  X^  +  ZQcot6i.  are  3hown 
when : 

a.  The  optimization  starts. 

b.  The  first  step  of  optimization  has  been  made. 

e.  X^  has  been  adjusted  after  the  first  step  of  optimization  so  that  XAn  + 
ZQcotBJi  =  0. 

d.  The  second  step  of  optimisation  has  been  made. 

The  rows  designated  a,  b,  c,  and  d  in  the  table  correspond  to  the  a,  b,  c,  and 
d  just  mentioned.  We  see  that  a  is  either  0.50A  or  1A  for  the  10  sets  selected 
from  among  the  1600  examples.  This  is  in  accordance  with  the  curve  for  d  in 
Fig.  18  where  coupling  is  taken  into  account.  'This  curve  has  namely,  as  men¬ 
tioned  above,  the  smallest  minima  when  a  is  equal  to  0.50A  and  1A.  It  is  seen 
that,  by  the  optimization  process,  a  is  not  changed  or  only  changes  by  0.02A. 

As  might  be  expected  we  see  that  after  the  first  step  of  optimization 
^An  +  Vot(U  :''s  Exceptions  are  the  cases  in  which  we  start  with 

XAn  +  a  0*  This  is  due  to  coupling. 

When  XAn  is  adjusted  after  the  first  step  of  optimization  so  that  + 
Z^cotgA  *  0,  we  notice  that  d  often  is  increased  and  not  as  might  be  expected 
decreased.  However,  the  increment  is  small  and  is  due  to  coupling.  This  has 
been  confirmed  by  computation.  Furthermore,  computations  have  shown  that  it  is 
not  possible  to  obtain  smaller  values  of  d  if  X  is  not  adjusted  after  the  firs-* 
step  of  optimization. 

From  the  values  of  d  and  min^  obtained  by  the  optimization  process,  the 
parameters  are  selected  for  which  min&  is  larger  than  1.5,  2.0,  2.5,  and  d  is 
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as  small  as  possible.  This  is  done  for  both  the  first  10  sets  and  the  2  optimum 

sets.  The  result  is  shown  in  Table  5.  It  appears  that  when  we  require  a  larger 

value  of  mina,  then  we  find  a  larger  value  of  d.  It  is  seen  that  d  is  smaller 

for  a  =  1.50A  than  for  a  =  1.00A  and  C.50A  (values  of  d  corresponding  to  the 

same  prescribed  level  of  min  must  be  compared).  These  two  results  might  be  ex- 

pected  from  the  results  in  Chapter  3. 

In  Table  6  is  shown  the  values  of  d  which  may  occur  if  coupling  is  not 

present  for  a  =  1.50A.  d  is  made  small  by  increasing  Z^,  A  comparison  between 

Tables  5  and  6  shows  that  it  has  not  been  possible  to  find  values  of  L  a,  X  , 

An 

and  Zq  for  which  coupling  decreases  the  deviation  from  Van  Atta  effect  so  that 
it  is  smaller  than  the  deviation  which  may  be  obtained  if  coupling  were  not  pre¬ 
sent. 

Tables  5  and  6  show  that  when  we  prescribe  mina  >  2.5»then  Z,  a,  X  ,  and 
ZQ  are  close  to  their  optimum  values  mentioned  at  the  beginning  of  Section  h.l.a. 
If  we  prescribe  min^  to  be  above  the  levels  1.5  and  2.0,  then  d  is  decreased  by 
increasing  ZQ. 

In  Fig.  35  is  shown  the  reradiation  patterns  for  the  reflector  with  the 

smallest  value  of  d  when  min&  >  2.5,  a  5  1A,  and  coupling  is  taken  into  account. 

This  reflector  has  a  =  1A.  In  Fig. 36  the  reradiation  pattern  is  shown  for  the 

reflector  with  the  smallest  value  of  d  when  min  >  2.5,  a  $  3A,  and  coupling 

8. 

neglected.  This  reflector  has  a  =  1.5A.  As  in  the  previous  section  we  notice 
that  there  are  more  and  sharper  beams  for  a  “  1.5A  than  for  a  =  IX.  A  further 
discussion  of  the  reradiation  patterns  follows  in  the  next  section. 

U.3.  The  two  types  of  reflectors 

Table  3  shows  the  characteristic  data  of  the  reradiation  patterns  shown  in 

Figs,  33  -  36.  The  parameters  of  the  corresponding  reflectors  are  also  given. 

The  plus  signs  indicate  that  coupling  is  taken  into  account  and  the  minus  signs 

imply  that  coupling  is  neglected,  d  is  a  measure  of  the  deviation  from  specu- 

8 

lar  effect  in  the  same  way  as  d  is  a  measure  of  the  deviation  from  Van  Atta  ef¬ 
fect. 

For  the  above  reflectors  we  will  discuss  the  influence  of  coupling  and 
compare  the  deviation  from  specular  effect  with  the  deviation  from  Van  Atta  ef¬ 
fect.  Furthermore,  we  will  discuss  the  differences  between  the  reflectors  ob¬ 
tained  by  the  two  methods  of  optimization. 

It  is  observed  that  coupling  decreases  mic .  in  all  cases,  except  in  the 
case  shown  in  Fig,  31*  and  discussed  above.  A  computation  has  shown  that  coup¬ 
ling  decreases  the  average  back-scattering,  g  ,  in  all  cases.  From  Fig,  35  we 
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see  that  coupling  decreases  the  deviation  from  Van  Atta  effect  whereas  coupling 
in  the  other  cases  increases  the  deviation. 

From  the  reradiation  patterns  it  is  seen  that  the  reradiation  in  the  spec¬ 
ular  direction  is  of  the  same  magnitude  as  the  reradiation  in  the  Van  Atta  di¬ 
rection,  This  is  in  accordance  with  the  results  of  Section  2.6.  Table  3  shows 
that  coupling  increases  the  deviation  from  specular  effect  just,  as  it  usually 
increases  the  deviation  from  Van  Atta  effect. 

For  the  two  reflectors  (in  Table  3)  optimized  with  respect  to  min  ,  the 
deviation  from  specular  effect  is  smaller  than  the  deviation  from  Van  Atta  ef¬ 
fect,  whereas  for  the  two  reflectors  optimized  with  respect  to  d,  the  deviation 
from  specular  effect  is  larger  than  the  deviation  from  Van  Atta  effect. 

The  largest  difference  between  the  deviation  from  Van  Atta  effect  and  the 
deviation  from  specular  effect  occurs  in  the  case  shown  in  Fig.  36.  This  may 
be  seen  from  the  reradiation  patterns.  For  the  ten  patterns  in  Fig.  36,  a  di¬ 
rect  computation  has  shown  that  the  sum  of  the  angles  between  the  Van  Atta  di¬ 
rection  and  the  direction  of  the  maximum  nearest  the  Van  Atta  direction  is  l4°. 
The  corresponding  sum  of  angles  for  the  specular  direction  is  36°. 

The  difference  in  d  between  the  two  types  of  reflectors  will  be  smaller 
the  larger  the  value  of  mina  we  prescribe.  For,  if  we  prescribe  mina  to  be 
large  enough,  namely  2,82  for  the  reflectors  evaluated  above,  there  would  be  no 
difference. 

The  optimization  with  respect  to  d  demonstrates  how  small  a  deviation 
from  Van  Atta  effect  there  may  be  obtained  if  we  do  not  require  raina  to  be  as 
large  as  possible.  In  the  example  with  d  =  1.66,  it  has  been  found,  by  aver¬ 
aging  over  the  10  reradiation  patterns  shown  in  Fig.  36,  that  the  reradiation 
in  the  Van  Atta  direction  is  96  %  of  the  reradiation  which  would  be  obtained  if 
all  the  fields  from  the  antennas  were  in  phase  in  this  direction. 

For  the  reflector  obtained  by  optimizing  mina>  i“  is  found  that  the  devi¬ 
ation  from  Van  Atta  effect  is  so  small  (d  =  2.53)  that  only  in  one  case  does 
the  maximum  deviate  by  as  much  as  10°  from  the  Van  Atta  direction  and  the  devi¬ 
ation  usually  is  less  than  a  few  degrees  (see  Fig.  34).  Furthermore,  the  rera¬ 
diation  in  the  Van  Atta  direction  is  92  %  of  the  reradiation  which  would  be  ob¬ 
tained  if  all  fields  from  the  antennas  were  in  phase.  Thus,  even  the  reflector 
obtained  by  optimizing  min  may  be  said  to  have  a  small  deviation  from  Van  Atta 

Gl 

effect. 


4,4,  Further  optimization 

From  the  reflectors  described  before  we  have  chosen  two  reflectors,  name* 


lys 

a. 

b. 


The  reflector  with  maximum  value  of  min&,  selected  from  among  the  10  reflec¬ 
tors  in  Section  4,l,c. 

The  reflector  with  d  as  small  as  possible  when  min  >  2,5,  selected  from 

a 

among  the  10  reflectors  in  Section  4,2. e. 

For  these  two  reflectors  it  is  investigated  whether  or  not  it  is  possible 
to  enhance  min  and  decrease  d,  respectively,  by  changing  the  lengths  of  the 
transmission  lines  and  th<  spacings  between  the  dipoles.  The  changes  are  made 
in  such  a  way  that  lengths  and  spacings  are  varied  independently.  That  is,  it 
is  permitted  for  the  transmission  lines  to  be  of  unequal  lengths  or  the  dipoles 
to  be  non-equiapaced  and  the  reflector  to  be  non-linear. 

Again,  let  ^  and  be  bhe  lengths  of  the  transmission  lines  and  let  n^, 

n21*  n31*  n4l  nl2*  n22*  n32*  nU2  ab9Cissat*  ordinates  of  the  di¬ 

poles  1,  2,  3,  and  4,  respectively  (see  Fig.  28).  First,  with  the  previously 
obtained  values  of  the  coordinates  min  (d)  is  increased  (decreased)  by  increas- 
ing  or  decreasing  With  the  value  obtained  for  we  then  change  Next, 

with  the  original  values  of  the  lengths,  we  change  n^,  n^,  n^., ,  nln  ,  n10,  n00. 


21*  “31*  41*  "12* 
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n^2,  and  in  turn  in  an  attempt  to  make  minfl  larger  and  larger  (d  smaller  and 
smaller),  S.'e  and  n's  are  changed  in  steps  of  0.01A. 


4. 4. a.  Maximum  of  min 

a 

In  Table  7  we  have  shown  the  results  obtained  for  the  reflector  with  the 
maximum  value  of  min  .  It  appears  that  changes  in  l  and  do  not  increase 
min&.  By  varying  the  positions  of  the  dipoles,  it  is  seen  that  mina  is  increased 
by  changing  n^,  and  r.^.  Only  n^^  has  been  considerably  changed.  Min&  is 

increased  by  about  4  %  and  at  the  some  time  d  is  increased  by  about  10  %.  As 
might  be  expected,  it  is  found  that,  if  coupling  is  neglected,  then  it  is  not 
possible  to  increase  min  ty  performing  the  changes  described  above. 

4,4«b.  d  small  and  min  >  2.5 

a 

For  the  reflector  with  d  as  small  as  possible  when  min  >  2.5,  the  results 

a 

*re  shown  in  Table  8,  We  see  that  only  a  small  decrement  in  d  is  obtainable. 

When  the  lengths  are  changed,  is  decreased  by  0.01A  and  is  increased  by 
0.01A.  When  the  positions  of  the  dipoles  are  varied  is  changed  by  0.01A  and 
the  other  coordinates  are  not  changed.  We  notice  that  after  making  the  changes 


in  the  lengths,  minR  is  decreased  and  after  making  the  changes  in  the  coordi¬ 
nates  rain  is  increased,  but  in  both  cases  by  small  amounts, 
a 

The  two  examples  dealt  with  above  show  that  min  (d)  may  only  be  increased 

€t 

(decreased)  by  small  amounts  by  permitting  the  transmission  lines  to  be  of  une¬ 
qual  length,  the  dipoles  to  be  non-equispaced  and  the  reflector  to  be  non-linear. 
Furthermore,  as  might  be  expected  from  the  basic  idea  of  the  Van  Atta  reflector, 
min  (d)  is  usually  decreased  (increased)  when  the  lengths  are  unequal  and  when 
the  dipoles  are  not  placed  symmetrical  about  a  center. 
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5.  CONCLUSION 


In  this  report  has  been  investigated  the  manner  in  which  the  reradia¬ 
tion  of  a  Van  Atta  reflector  back  in  the  direction  of  incidence  depends  on  the 
length  (A)  of  the  transmission  lines,  the  characteristic  impedance  (Z^)  of  the 
lines,  the  imaginary  part  (X^)  of  the  antenna  impedance,  and  the  spacing  (a) 
between  the  dipoles.  Only  interspacings  smaller  than  three  wavelengths  have 
been  considered. 

A  method  has  been  presented  by  means  of  which  the  deviation  from  Van  Atta 
effect  (d)  is  evaluated  from  knowledge  of  the  currents  generated  in  the  dipoles 
by  an  incident  wave.  It  is  shown  that,  when  we  wish  to  compare  the  back-scat¬ 
tering  of  two  reflectors  with  different  parameters,  the  method  of  evaluating 
the  deviation  from  Van  Atta  effect  is  as  good  as  a  direct  comparison  between 
the  reradiation  patterns. 

A  reflector  with  Van  Atta  effect  has  not  been  found.  However,  when  coup¬ 
ling  is  neglected,  it  is  found  that,  for  given  values  of  £  and  ZQ,  the  reflec¬ 
tor  will  have  a  smaller  deviation  from  Van  Atta  effect  if  X.  is  chosen  so  that 

An 

XAn  +  zocot®^  =  °s  than  if  this  is  not  the  case.  Furthermore,  the  Van  Atta  ef¬ 
fect  may  be  increased  as  much  as  we  desire  by  increasing  | Z^/sinBft |  relative  to 
jRAn  +  Kx^  +  ZgCotW)  j .  However,  at  the  same  time  the  reradiation  decreases. 

When  A,  X^,  and  ZQ  are  equal  to  0.25X  +  p0.50X,  0  ohms,  and  RAn,  respec¬ 
tively,  min  (the  minimum  value  of  the  back-scattering  as  a  function  of  the 
angle  of  incidence),  as  a  function  of  A,  XAn,  and  ZQ,  has  the  flattest  maximum. 

This  is  valid  for  ail  a  >  X/8  and  it  is  found  that  max  /min  =  /2  (max  is  the 

a  a  a 

maximum  value  of  the  back-scattering  as  a  function  of  the  angle  of  incidence). 
For  a  <  3X  it  has  been  found  that,  when  A,  and  ZQ  have  the  values  given  a- 

bove,  the  deviation  from  Van  Atta  effect  is  smallest  for  a  -  1.5X.  Furthermore, 
it  has  been  found  that  if  ve  desire  a  spacing  less  than  1.5 A  for  which  d  is 
small,  we  should  choose  a  =  0.50,  0.75,  0.25,  1.00,  or  1.25X.  These  distances 
are  mentioned  in  order  of  increasing  d. 

When  a  tends  to  zero  then  min  tends  to  max  . 

a  a 

When  coupling  is  taken  into  account,  some  of  the  results  described  above 
are  altered.  It  turns  out  that  coupling  for  specific  values  of  A,  a,  and 

Zn  may  have  a  large  influence.  Coupling  usually  causes  min  to  decrease  and  d 
to  increase.  For  a  <  0.25X,  rain^  is  only  half  of  its  maximum  value.  For  some 
values  of  the  parameters  and  for  some  angles  of  incidence  the  back-scattering 
is  increased  50  %  by  coupling. 
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The  analysis  of  the  reradiation  from  1600  sets  of  parameters  has  indicated 
that  variations  in  min&  and  d  as  functions  of  the  parameters  of  the  reflector 
are  not  affected  by  coupling.  That  is,  including  coupling  does  change  the  val¬ 
ues  of  min  and  d  but  the  variations  in  these  values  appear  to  be  the  same  as 
those  described  above  where  coupling  was  neglected. 

By  using  the  results  from  the  investigation  in  which  coupling  is  neglected, 
and  the  results  of  the  calculations  for  the  1600  sets  of  parameters,  the  rera¬ 
diation  pattern  has  been  optimized  by  using  two  different  criteria.  First,  the 
reflector  for  which  min  is  as  large  as  possible,  and  d  as  small  as  possible 
has  been  found.  Next,  there  has  been  obtained  values  of  the  parameters  of  some 
reflectors  for  which  min&  is  above  various  prescribed  levels,  and  d  is  as  small 
as  possible. 

By  using  the  first  criterion,  a  reflector  ha6  been  found  for  which  coup¬ 
ling  increases  mina  over  the  maximum  value  which  is  obtainable  if  coupling  were 
not  present.  However,  the  increment  is  negligible. 

By  using  the  second  criterion  it  turns  out  that,  when  we  require  a  larger 
value  of  min  ,  then  we  obtain  a  larger  value  of  d.  In  this  case  it  has  not  been 
possible  to  find  values  of  a,  X^,  and  ZQ  for  which  coupling  decreases  the 
deviation  from  Van  Atta  effect  so  that  it  is  smaller  than  that  which  may  be  ob¬ 
tained  if  coupling  were  not  present. 

For  both  types  of  reflectors  obtained  by  the  optimization  it  turns  out 
that  a  is  close  to  1.50 A.  For  the  first  type  of  reflector  and  for  the  second 
type  with  min&  >  2.5,  it  has  been  found  that  1,  X^,  and  ZQ  are  close  to  the  op¬ 
timum  values  found  when  coupling  is  neglected.  For  the  second  type  it  is  found 
that  when  we  prescribe  min  to  be  above  a  level  smaller  than  2.5*  d  is  usually 
decreased  by  increasing  Zq, 

A  further  optimization  shows  that,  due  to  coupling,  min  may  be  increased 
and  d  decreased  by  permitting  the  transmission  lines  to  be  of  unequal  lengths 
and  the  dipoles  to  be  placed  asymmetrically  about  the  center  of  the  reflector. 
However,  the  increment  in  min  (the  decrement  in  d)  is  at  best  small  and  most 
asymmetries  would  in  fact  have  the  opposite  effect,  that  is,  min&  would  be  de¬ 
creased  and  d  increased. 
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X.  /ohms 
An 

-42  -20  0  20  42 

Z^/ohms 

50  60  73  80  90 

Table  1. 

Combinations  of  the  parameters. 
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Table  2. 

Maximum  of  min  . 
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Fig. 
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Table  3* 

Characteristics  for  the  Figs.  7.2  -  7.5. 
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Table  5 . 

The  smallest  values  of  d  depending 
on  min  .  Coupling  taken  into  account. 
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0 

Table  6. 

The  smallest  values  of  d  depending 
on  min^.  Coupling  neglected. 
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Table  7. 

Maximizing  of  min  by  changing  the  lengths 

CL 

independently.  X.  =  15  ohms,  ZQ  = 


and  the  spacings 
63  ohms. 


a 

min 

a 

V* 

yx 

nu/x 

n21A 

"31A 

nUlA 

n12A 

n22/X 

°32A 

n!t2A 

before 

changes 

2.1*8 

2.537 

0.67 

0.67 

0.00 

1.00 

2.00 

3.00 

0.00 

0.00 

0.00 

0.00 

after 
changes 
in  L'a 

2.1*6 

2.1*98 

0.66 

0.68 

0.00 

1.00 

2.00 

3.00 

0.00 

0.00 

0.00 

0.00 

after 
changes 
in  n's 

2.1*5 

2.555 

0.67 

0.67 

0.00 

1.00 

1.99 

3.00 

0.00 

0.00 

0.00 

0.00 

Table  8. 

Decreasing  d  by  changing  the  lengths  and  the  spacings 
independent  ly.X^  =  -  35  ohms,  =  73  ohm3. 


Fig.  3.  Equivalent  circuit  for  dipoles  1  and  4. 
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dpi  =0.80,  bz56°/o ,v~3 O' 


dp,  -  0.90 ,bz43°/o,  v~50‘ 


Fig. 6.  The  beam  in  the  Van  Aft  a  direction  for 

different  values  of  dp,. 


Zq  =  73  ohms 


d  as  a  function  of  l  when  X^n--ZQCotpi 
and  *An~  0  ohms.  Coupling  neglected. 
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d  as  a  function  of  t  when  X^n  --Zgcofyl 
and  X^n  -  0  ohms.  Coupling  neglected. 


Fig.  10.  d  as  a  function  of  the  length  for  X^n= 
-73,0,  and  73  ohms.  Coupling,  neglected. 

a*  0.50% 


Fig.  11.  d  as  a  function  of  the  length  for  X^n= 
-73,  0,  and  73  ohms.  Coupling  taken 
into  account. 
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Fig.  f  3  b.  maxa  t  ga  )  mina  as  a  function  of  Zq. 
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Parameters  as  in  Fig.13.a . 
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Fig.13.c.  rnaxQi  ga  ,mina  as  a  function  of  Zq. 
Parameters  as  in  Fig.  13.a. 


Fig.  14.  d  as  a  function  of  the  length  of  the 
transmission  l ines.X^n= -ZQCotpl  for 
each  value  of  l. 


Fig.  15.a.  gQ  as  a  function  of  the  length  of  the 
transmission  Hnes.X^  =  -Zq  cotpl  for  each 
value  of  /. 
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Fig.  15.  b.  maxa,gatmina  as  a  function  of  the  length 
of  the  the  transmission  lines. 

Parameters  as  in  Fig.15.a. 
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Fig.15.c.  maxa,ga,minQ  as  a  function  of  the  length 
of  the  transmission  lines. 

Parameters  as  in  Fig.  15a. 
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Fig.  is.  cf  as  a  function  of  the  spacing, 
xAn*  Z0CO¥  :0- 


Fig,  19,  d  as  a  function  of  the  spacing. 
XAn+Z0cotpl  *0- 


/  --  Q25X 


X^n  =  0  ohms 
Zq  -  73  ohms 
Coupling  neglected 
Coupling  token  into  account 
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9a  as  a  function  of  the  spacing. 
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Fig,  23.  d  as  a  function  of  the  length  of 
the  transmission  lines  for 
Zq~  50 ,73,  and  90  ohms. 

The  numbers  on  the  curves  indicate 
Zq  in  ohms. 
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Fig.  26.  maxa  t  ga  tand  mina  as  a  function  of 
the  length  of  the  lines. 
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Fig. 3 2.  Characteristic  variation  of  minQ  as  a 

function  of  the  length. 

Coupling  taken  into  account. 


Fig  33.  Reradiation  patterns  for  the  reflector  with  the  largest 
value  of  m/na,  and  d  as  small  as  possible  when  a*  IX. 
Coupling  is  taken  into  account. 

For  characteristics  see  Table  3 


Fig  34.  Reradiation  patterns  for  the  reflector  with  the  largest 
value  of  mina,  and  d  as  small  as  possible  when  a±3'X. 
Coupling  is  taken  into  account 
For  characteristics  see  Table  3. 


Fig.  35.  Reradiation  patterns  for  the  reflector  with 
and  d  as  small  as  possible  when  a^f'X. 
Coupling  is  taken  into  account 
For  characteristics  see  Table  3. 
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Fig.  36.  Reradiation  patterns  for  the  reflector  with  mina±2.5, 
and  d  as  small  as  possible  when  a*3'\. 

Coupling  is  neglected. 

For  characteristics  see  Table  3. 
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